Photoassociation processes are studied in ultracold collisions between different isotopes of metastable He(2 3 S) and He(2 3 P) atoms; Penning and associative ionization rates for collisions between two He(2 3 S) atoms are also obtained. Comparisons are made with data from existing experiments.
Introduction
Bose-Einstein condensation (BEC) was first observed in alkali atoms in 1995 and a little later in atomic hydrogen. Initially condensates were all formed from atoms in their ground electronic states but subsequently, the search was on to obtain condensates of atoms in excited states. In 2001, a condensate was observed in a dilute gas of 4 He(2 3 S) at a critical temperature of 4.5 ± 0.5 µK with a maximum number of condensed atoms of about 5 x 10 5 .
Ultracold collisions of metastable helium atoms are now widely used to study collision dynamics in dilute quantum gases as the large internal energy can be released during collisions, allowing novel experimental strategies based upon single atom detection to be implemented. Photoassociation of ultracold atoms provides a powerful technique for the study of ultracold collisions in which two interacting cold atoms are resonantly excited by a laser to bound states of the associated molecule. The resulting spectra have a very high resolution of < 1 MHz.
Currently we are investigating elastic and ionizing collisions in spin-polarized metastable helium in the absence of an exciting laser, where the spin-dipole interaction can induce relaxation from the initial spin-polarized state to states from which Penning and associative ionization is highly probable. 
andĤ rot is the rotational operatorĤ
for a system of two atoms with interatomic separation R, reduced mass µ and relative angular momentuml. The total electronic Hamiltonian iŝ
where the unperturbed atoms have HamiltoniansĤ i , i = 1, 2 and their electrostatic interaction is specified byĤ 12 . The termsĤ fs andĤ hfs describe the fine and hyperfine structure of the atoms. The multichannel equations describing the interacting atoms are obtained from the eigenvalue equationĤ by expanding the eigenvector in terms of basis states in the form |Φ a = |Φ a (R, q) . Here, a denotes the set of approximate quantum numbers describing the electronic-rotational states of the molecule and q denotes the interatomic polar coordinates (θ, φ) and electronic coordinates (r 1 , r 2 ). The expansion
yields the multichannel equations
Potentials
The required Born-Oppenheimer potentials 1,3,5 Σ + g,u and 1,3,5 Π g,u , see [4] , were constructed by matching ab initio MCSCF and MRCI short-range potentials onto the long-range dipole-dipole plus dispersion potentials given by
where Λ = Σ, Π and f 3Λ is an R-and Λ-dependent retardation correction. The wavelength for the transition 2s 3 S-2p 3 P is λ, where λ/(2π) = 3258.17 a 0 and the superscripts indicate the sign of (−1) S+w , S = 0,1,2, w = 0 or 1 (gerade/ungerade). The coefficients C nΛ ; n = 3,6,8 are well known, see [5] and [6] .
Scattering processes
In the absence of an exciting laser, ionizing collisions in spin-polarized metastable helium can still take place because the spin-dipole interaction can induce relaxation from the initial spinpolarized state to spin states of [He(2 3 S 1 ) + He(2 3 S 1 )] from which Penning and associative ionization is highly probable. These processes are:
[He(1s 2s 3 S 1 ) + He(1s 2s 3 S 
We consider the relative motion of the atoms subject to a central interatomic potential V (R) where
and V 0 (R) is the adiabatic potential for the 1 Σ g state of the He * +He * system. The potential V ion (R) is included to allow for loss processes. Two ionization models are used, M1 and M2, see [7] and V 0 (R) is determined from experimental and theoretical data [8] , [9] and [10] .
The two models are specified by
In both cases on integrating the radial wave equation we obtain a 2×2 scattering matrix S which must be unitary and symmetric. The cross sections σ(v) as a function of the relative velocity v are given by
where k = µv/h and the rates K e and K i are obtained by averaging over a Maxwell velocity distribution so that
The sum over the angular momentum quantum number l for the heteronuclear system 3 He + 4 He is taken over all values of l, but the systems 4 He + 4 He and 3 He + 3 He are symmetric and anti-symmetric respectively with respect to the interchange of the nuclear space and spin coordinates. This means that the sum has to be interpreted as
for the bosonic case and
for the fermionic system. The multichannel calculations include magnetic-dipole mediated transitions from the 5 Σ state and represent the ionization loss from the 1,3 Σ states by a complex optical potential. The asymptotic solutions of the multichannel equations yield the non-unitary scattering matrix elements S a a . The elastic cross section for channel a is then
The ionization cross section is
where S(a → ion) is obtained from the non-unitarity of the S-matrix:
In the above (. . .) denotes sum/average over unobserved quantum numbers. 
where a |l 2 |a Ω j is the part of a |l 2 |a diagonal in Ω j . Ω j denotes the projection of the total angular momentum quantum number J onto the inter-molecular axis. Results shown in table 2 illustrate the excellent agreement beteen theory and experiment that can be achieved. More details are given in [1] .
Rates K e and K i as a function of temperature T for the elastic scattering and ionization processes obtained using models M1 (with R b = 7a 0 ) and M2 are listed in table 3, where Model M1 is insensitive to the precise choice of R b . The results from the two models agree quite well with each other and show that the rates become increasingly insensitive to the form of V ion (R) as the temperature increases. In table 4 total unpolarized ionization rates are listed for combinations of the different isotopes of helium, where allowance is made for contributions from all the initial spin states of He(2 3 S)+He(2 3 S), 1 Σ g , 3 Σ u and 5 Σ g .
Full quantum-mechanical close-coupled calculations are also being carried out and provisional results K(theor) see [11] , agree quite well with those of a simple two-stage semi-classical model K(sc) and with experiment K(exp), see [12] and [13] .
Conclusions
Our analysis of photoassociation processes in the 4 He * + 4 He * system, based upon single-channel and multichannel calculations, permitted criteria to be established for the assignment of the theoretical levels to the experimental observations. Excellent agreement was obtained for the nearly 50 observed levels. We have also investigated photoassociation in the fermionic metastable homonuclear 3 He * + 3 He * system, where the hyperfine structure leads to a very different pattern of energy levels below the 3 He(1s 2s 3 S)+ 3 He(1s 2p 3 P j ) asymptotes. As no experimental observations are available for this system, we have assessed the observability of the theoretical levels and have identified purely long-range levels and 30 short-range levels suitable for experimental investigation. Very recently we have extended our investigations to photoassociation in the heteronuclear 3 He * + 4 He * system. No purely bound long-range states were found, although several resonances with line widths smaller than 1 MHz were obtained. Currently we are investigating elastic and ionizing collisions in spin-polarized metastable 4 He * + 4 He * , 3 He * + 3 He * and 3 He * + 4 He * systems in the absence of an exciting laser, where the spin-dipole interaction can induce relaxation from the initial spin-polarized state to states from which Penning and associative ionization is highly probable. Two simple models are adopted from which rates for elastic scattering and ionization processes have been calculated for the 4 He * + 4 He * system. The results from the two models agree quite well with each other, and preliminary results from full solutions of the quantum-mechanical coupled equations indicate that the simple models give a good general description of the process.
